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Xylogenesis was induced in undifferentiated soybean callus by the application of auxin, cytokinins, gibberellic 
acid and carbohydrates. Auxin (IBA) was a prerequisite for tracheary element formation and its effect could be 
enhanced significantly by the addition of specific levels of cytokinins, of which kinetin and I:;>enzyladenine were 
more effective than trans-zeatin. A further synergistic effect was achieved when gibberellic acid (10-5 mol dm3) 
was added to a highly inductive medium containing 0.5 x 10-4 mol dm3 IBA + 10-6 mol dm3 benzyladenine. Of 
the carbohydrates tested, sucrose at levels of 2 and 3% gave the best results. While autoclaving resulted in 
the pyrolysis of sucrose, this apparently did not affect xylogenesis adversely. Indications are that at the most 
inductive hormonal combinations, the sucrose and its hydrolytic products were utilized most rapidly and effec-
tively for tracheary development. 
Xilogenese in ongedifferensieerde sojaboon-kallus is met sukses met die toevoeging van ouksien, sitokiniene, 
gibberellien-suur en koolhidrate ge·induseer. Ouksien was 'n voorvereiste vir tracheale element-vorming, maar 
die effek daarvan is betekenisvol bevorder deur die toevoeging van spesifieke konsentrasies sitokiniene, 
waarvan kinetien en bensieladenien meer effektief was as trans-zeatin. 'n Verdere sinergistiese effek is 
waargeneem waar gibberellien-suur (10-5 mol dm3) gekombineer is met 'n hoogs induktiewe medium wat 0.5 
x 10-4 mol dm3 IBA + 10-6 mol dm3 bensieladenien bevat het. Sukrose by vlakke van 2 en 3% het die beste 
resultaat van die getoetste koolhidrate gelewer. Terwyl outoklavering pirolise van sukrose tot gevolg gehad 
het, het hierdie effek skynbaar nie xilogenese ben ad eel nie. Daar is aanduidings dat by die mees induktiewe 
hormonale kombinasies, sukrose en die hidrolitiese produkte daarvan, die vinnigste en mees effektiefste vir 
tracheale ontwikkeling benut is. 
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Introduction 
Despite a voluminous literature on vascular develop-
ment in both in vivo and in vitro systems little is known 
about the factors controlling the regulation of xylo-
genesis. This seems to be the case particularly with 
respect to the involvement of plant hormones and 
sugars. A requirement for both auxins and sucrose is 
firmly established (Wetmore & Sorokin 1955; Roberts 
1976; Aloni 1980). Many studies have , however , indi-
cated the existence of additional requirements for the 
optimization of the xylogenetic process. While appar-
ently not a prerequisite , cytokinins are known to 
enhance auxin-stimulated xylogenesis (Sachs 1969; 
Roberts 1976; Minocha 1984) . There is also some 
evidence that applied gibberellins may be actively 
involved in the process (Pearce et al. 1987) . Gibberellic 
acid (GA3) was used with some success in Helianthus 
tuberosus (Phillips & Dodds 1977) and in Lactuca sativa 
where it reacted synergistically with kinetin and indole-
3-acetic acid (IAA) in xylogenesis induction (Pearce et 
al. 1987) . That gibberellins react on their own seems 
unlikely as anti-gibberellins did not reverse tracheary 
element formation completely (Dalessandro 1973; 
Siebers & Landage 1973). 
Apart from phytohormones, carbohydrates, of which 
sucrose is the most commonly used and most successful, 
have been employed as alternative factors in xylogenetic 
experiments. Carbohydrates other than sucrose yielded 
variable results In Helianthus tuberosus explants 
(Minocha & Halperin 1974; Phillips & Dodds 1977). 
It is clear from the literature that different tissues 
require different stimuli, and in different combinations, 
to fulfill their xylogenetic potential (Roberts 1976; 
Shininger 1979). This study was aimed at establishing the 
optimum concentrations of various xylogenetic stimuli in 
soybean callus . The histology and ultrastructural devel-
opmental stages for differentiating tracheary elements in 
callus of Glycine max have been reported previously 
(Ackermann & van Staden 1988). 
Materials and Methods 
Plant material 
Glycine max (L.) Men. var. Acme callus maintained on 
a Miller's (1965) growth medium supplemented with 10-9 
mol dm3 naphthalene acetic acid (NAA) and 0.5 x 10-7 
mol dm3 kinetin was used as the stock callus for all 
experiments. The stock culture which was grown at 
25°C and low light intensity (0 .5 ]J-E m-2 S-1), was 
subcultured every 2 months . For the experimental 
studies callus was cultured on a Murashige and Skoog 
(1962) basal medium supplemented with 100 mg 1- 1 myo-
inositol, 3% sucrose (unless otherwise indicated) and 
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various combinations and concentrations of indole-
butyric acid (lEA). The phytohormones used in combin-
ation with lEA were kinetin, benzyladenine (BA), trans-
zeatin and GA3 . Each callus was cultured on 10 ml 
autoclaved medium in a 90 x 20 mm culture tube. 
Twenty culture tubes were used for each treatment 
which was repeated once. 
A range of sucrose concentrations (1-6%), both auto-
claved and filter sterilized, was investigated. The effect 
of sucrose was also compared to that of fructose, 
glucose, maltose and soluble starch at the 2 and 3% 
levels where the best responses were obtained with 
sucrose . These sugar concentrations were tested in 
combination with media containing the various hormone 
combinations found to yield an optimum xylogenetic 
response . These were 0.5 x 10-4 mol dm3 IBA + 10-6 mol 
dm3 BA, 0.5 x 10-4 mol dm 3 lEA + 10-5 mol dm 3 kinetin 
and 10-5 mol dm3 IBA + 10-6 mol dm3 trans-zeatin. All 
the cultures were grown for 8 days in the dark prior to 
determining tracheary development. 
Metabolism of sucrose 
14C-sucrose (Amersham, specific activity 0.25 MBq) was 
applied to the media which gave optimum xylogenetic 
responses and the cultures (5 replicates) maintained for 8 
days. In order to determine the uptake and fate of the 
sucrose , the callus was homogenized with 80% ethanol. 
After extraction for 12 h the homogenate was filtered, 
the pH of the filtrate adjusted to 3.0 and the extract 
passed through Amberlite TR 120 cation exchange resin. 
The resulting eluate was retained , the pH adjusted to 7.0 
and the extract containing the sugars brought to dryness 
by flash evaporation at 35°C. The residues were resus-
pended in 3 ml 10% iso-propanol and subsequently 
fractionated by means of paper chromatography. Stan-
dards and extracts were separated on Whatmans No.1 
paper by descending chromatography at 20°C for 72 h 
with n-butanol:ethanol:water (45:5:50 v/v) as solvent. 
Standards were visualized by spraying the dried 
chromatograms with an ethanolic solution containing 
0.3% p-amino hippuric acid and 3% phthalic acid . After 
spraying , the chromatograms were dried at 140°C for 8 
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min. In this system the Rf values for sucrose, glucose and 
fructose were 0.23 , 0 .35 and 0.43 respectively . To deter-
mine the radioactivity associated with these Rf zones the 
respective paper strips were placed in scintillation vials 
and 1 ml methanol followed by 8 ml scintillation cocktail 
(4 g PPO plus 0.2 g POPOP I-I in toluene) added to each 
(Hutton & van Staden 1983). The vials were left for 12 h 
and the radioactivity then determined using a Beckman 
LS 3800 counter. The effect of autoclaving on the 14C_ 
sucrose medium alone was also investigated . 
Determination of tracheary development 
After 8 days the callus explants were harvested and 
macerated in a 1:1 mixture of 5 ml of 5% HCI:5% 
chromic acid for 48 h. The maceration solution was 
replaced with 2 ml water and the material repeatedly 
drawn through a hypodermic syringe (No. 21 needle) 
and then stained with safranin. One-ml samples were 
removed and counted in a Ricklen and Brown cell-
counting chamber at 40 x magnification. The number of 
tracheary elements in 100 randomly chosen squares was 
counted and the average tracheary elements per ml of 
explant calculated . 
Results and Discussion 
Auxin has frequently been described as the limiting 
hormone in vascular regeneration and xylogenesis in 
particular (Wetmore & Rier 1963; Zakrzewski 1983). 
The results obtained in this study indicated that lEA 
increased xylogenesis in soybean callus (Figure 1). 
Irrespective of concentration, a three-fold increase was 
recorded , which was not as substantial as previously 
reported with callus from the soybean var. Biloxi, 
treated with NAA as auxin source (Foskett & Torrey 
1969) . Both the concentrations and types of auxin used 
are of significance and may affect tracheary element 
differentiation . This was apparently the case in the 
differentiation of callus of Picea excelsia Link. (Lisko va 
1985) . 
Of the four other hormones used, only GA3 at a level 
of 10-5 mol dm3 gave a response better than the auxin by 
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Figure 1 The effect of IBA (A) , BA (B) , kinetin (C) , trans-zeatin (D) and gibberellic acid (E) , applied individually , on 
tracheary element development (T.E.) in soybean callus culture for 8 days. Bar represents LSD (P = 0.05) . 
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_ Figure 2 The effect of combined IBA and BA concentrations 
on tracheary element formation (T.E.) in soybean callus 
cultured for 8 days. Bar represents LSD (P = 0.05). 
itself. In all cases the three cytokinins used gave less of a 
response than IBA and GA3 when applied individually. 
Significantly, trans-zeatin gave the poorest response. 
Kinetin and BA gave a more significant response than t-
zeatin and doubled the number of tracheary elements 
formed at almost all levels applied (Figure 1). As 
previous researchers (Dalessandro 1973; Minocha 1984) 
have indicated that xylogenesis is favoured when auxins 
are applied in association with cytokinins, a series of 
experiments was conducted in which IBA was combined 
with cytokinins and GA3. From the results presented in 
Figures 2 to 4 it is again clear that IBA by itself 
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Figure 3 The effect of combined kinetin and IBA concentra-
tions on tracheary element formation (T. E.) in soybean callus 
cultured for 8 days. Bar represents LSD (P = 0.05). 
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Figure 4 The effect of combined IBA and trans-zeatin 
concentrations on tracheary element formation (T.E.) in 
soybean callus cultured for 8 days. Bar represents LSD 
(P = 0.05). 
stimulates tracheary development. In most cases the 
incorporation of cytokinins into the medium reduced 
tracheary element formation. As was found with t-zeatin 
applied by itself (Figure 10), it was again apparent that 
the overall inhibitory effect of this natural cytokinin was 
greater even in the presence of IBA (Figure 4). No clear 
synergistic pattern emerged when TBA was combined 
with the cytokinins. Nevertheless, as was found for 
Helianthus tuberosus (Dalessandro 1973), the different 
cytokinins used in every case have specific levels where 
they enhance tracheary element formation significantly . 
For BA it was at 10-6 mol dm 3 + 0 .5 X 10-4 mol dm3 IBA 
(Figure 2), for kinetin at 10-5 mol dm3 + 10-6 and 0.5 x 
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Figure 5 The effect of combined IBA and GA3 
concentrations on tracheary element formation (T.E.) in 
soybean callus cultured for 8 days . Bar represents LSD 
(P = 0.05). 
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10-4 mol dm3 IBA as well as at 10-7 mol dm3 + 10-5 mol 
dm3 IBA (Figure 3), and for t-zeatin at 10-6 mol dm3 + 
10-5 mol dm3 IBA (Figure 4). It would appear that the 
effect of kinetin was more pronounced than that of BA 
and t-zeatin when combined with IBA. 
It is therefore clear that the concentration and/or 
combination at which the cytokinins and auxins are 
applied may be critical for the expression of differentia-
tion and morphogenetic responses . Metabolic experi-
ments with kinetin, zeatin and BA have indicated that 
their metabolism does not occur in a similar way nor at 
similar rates in this tissue (Forsyth & van Staden 1985) . 
Recently some attention has been paid to the possible 
effects of auxins on cytokinin metabolism and the 
consequences this may have on tissue differentiation and 
morphogenetic expression (van Staden & Mooney 1987; 
Cook et al. 1988; Palni et al. 1988). This aspect clearly 
requires extensive investigation. It will also be necessary 
to take a closer look at the effect of applied hormone 
levels on the process of endogenous hormone biosyn-
thesis . Warren-Wilson et al. (1982) and Tucker et al. 
(1986) found that in lettuce explants , a lack or serious 
reduction in either auxin or cytokinin caused plant 
proliferation rather than tracheary element formation . 
In the case of individual application of GA3 (Figure 
IE) , it gave a better response than the cytokinins when 
combined with IBA. The best response was obtained 
when 10-7 and 10-6 mol dm3 GA3 + 10-5 mol dm3 IBA 
were used (Figure 5). Although previous experiments 
with Coleus stem sections indicated that GA3 alone could 
not improve xylogenesis (Roberts 1976), the present 
results indicate that it might act synergistically with other 
hormones. It was therefore decided to test GA3 in 
combination with the levels of IBA and kinetin which 
gave the best response (Figure 3). A standard concentra-
tion of 0.5 X 10-4 mol dm3 IBA was used in combination 
with different kinetin and GA3 concentrations (Figure 
6). It can be seen that at 10-7 mol dm3 GA3 + 10-5 mol 
dm3 kinetin a massive increase in xylogenesis occurred. 
A similar synergistic effect was obtained with 
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Figure 6 The effect of various GA3 and kinetin 
concentrations combined with a constant IBA concentration 
(0.5 x 10-4 mol dm3) on tracheary element formation (T.E.) in 
soybean callus cultured for 8 days. Bar represents LSD 
(P = 0.05). 
Helianthus tuberosus explants where 5 .7 x 10-4 mol dm3 
GA3 was added to an JAA and cytokinin-enriched 
medium (Dalessandro 1973). There are , however, also 
reports that the addition of GA3 reduced tracheary 
element formation in Helianthus tuberosus growing on 
highly inductive media (Minocha & Halperin 1974; 
Phillips & Dodds 1977; Minocha 1984). Within the 
soybean callus (Figure 6) it is noticeable that only one 
treatment was highly inductive. The logical conclusion is 
that there is a very delicate interaction between the 
hormones , which is obviously also affected by the state 
and type of material used. Watson & Halperin (1981) 
ascribed some of the variation to inhibitory factors 
resulting from autoclaving, as well as limited sugar 
S LSD 
, I 
r- r-
-
, 
C ., 
., ., ., 
'" '" '" 
.c 
'" 0 0 e ~ 0 
" 
(j .. 
::J 
.E " 2l '" ::J c;, 
'" '" 
E 
Carbohydrates 
Figure 7 The effect of various carbohydrates on tracheary element formation (T.E.) in soybean callus cultured for 8 days in the 
presence of 0.5 x 10-4 mol dm3 IBA + 10-6 mol dm3 BA. Bar represents LSD (P = 0.05). 
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Figure 8 The effect of various autoclaved and filter-sterilized sucrose concentrations on tracheary element formation (T. E.) in 
soybean callus cultured for 8 days in the presence of either (A) no hormones; (B) 0.5 x 10.4 mol dm 3 IBA + 10.5 mol dm3 kinetin; 
(C) 0.5 x 10-4 mol dm3 IBA + 10-6 mol dm3 benzyladenine or (D) 10-5 mol dm3 IBA + 10-6 mol dm3 trans-zeatin. Bars represent 
LSD (P = 0.05). 
pyrolysis. 
The present results again confirm the existence of a 
very fine balance between auxins, cytokinins and gibber-
ellins with respect to tracheary element formation. It has 
been suggested that cytokinins are required for their 
induction during cell division which is regulated by 
auxins (Minocha 1984). Dalessandro (1973) suggested 
that GA3 together with auxin probably contributes to 
lateral and longitudinal expansion growth of the devel-
oping elements. This would contribute to the elements 
reaching a size where they can be recorded but does not 
explain which factors are actually involved in their 
induction. 
Minocha & Halperin (1974), using Helianthus tuber-
osus reported that sucrose and glucose at the 2% level 
were equally effective in supporting tracheary element 
development. This was confirmed by Phillips & Dodds 
(1977). With soybean callus similar results were obtained 
(Figure 7). Xylogenesis was best with 2% glucose and 
sucrose. Sucrose at 3% also gave a significant response, 
suggesting that it is the best carbohydrate to use. The 
results for lower and higher levels of the carbohydrate 
are not shown, as no increase in xylogenesis was 
recorded at these levels. 
According to Redei (1974) sugar pyrolysis occurs 
during autoclaving and this leads to an inhibition of 
tracheary element formation. In the present study, 
where autoclaved and filter-sterilized sucrose was 
combined with different hormones, no clear trend 
emerged (Figure 8) and it cannot be claimed that one 
treatment was superior to the other. When administered 
to Helianthus tuberosus material, the products of 
pyrolysis (5-hydroxymethylfuraldehyde and levulinic 
acid) did not inhibit xylogenesis (Watson & Halperin 
S.Afr.J. Bot., 1989,55(3) 
Table 1 Radioactivity retrieved from soybean callus 
after 8 days of culture on various hormone + 14C_ 
sucrose supplemented media. The radioactivity which 
co-chromatographed with glucose. fructose and 
sucrose. is expressed as a percentage of the original 
14C-sucrose added to the media 
Control (M&S without 
hormones) 
IBA + kinetin 
(0.5 x 10.4 mol dm 3) + 
10·smol dm 3 ) 
IBA + benzyladenine 
(0.5 x 10.4 mol dm3 ) + 
(10.6 mol dm 3 ) 
IBA + trans-zeatin 
(10.5 mol dm 3) + 
(10.6 mol dm 3) 
Autoclaved 14C-sucrose 
supplemented medium 
% carbohydrate retrieved 
Glucose Fructose Sucrose Total 
2.38 2.57 1.91 6.86 
0.21 0.16 0.26 0 .63 
0.32 0.06 0.00 0.38 
1.61 1.38 1.26 4.25 
39.60 30.80 27.00 97.40 
1981) at the levels identified by Redei (1974). 
As reported by Peer (1971) the autoclaving of media 
containing sucrose does result in the breakdown of 
sucrose to glucose and fructose (Table 1). Throughout 
this investigation sucrose gave superior results to glucose 
and fructose used individually. These are the hexoses 
most likely formed via the sucrose synthase pathway 
(Delmer & Albersheim 1970) and which are likely to be 
used for primary and secondary wall deposition, which is 
of some significance in tracheary element formation 
(Roberts 1976). In the treatments with the least trach-
eary element formation (control and IBA + trans-
zeatin) , the greatest indications of radioactive sugar 
accumulation was observed (Table 1). Where the 
process of xylogenesis was accelerated (IBA + kinetin 
and lEA + BA) the sucrose was most rapidly hydrolyzed 
and the products the most rapidly utilized . It is possible 
that the role of the hormones on xylogenesis is mediated 
via the effects of different hormone combinations on 
sugar hydrolysis. Other factors need however, to be 
considered when plant tissue is maintained in culture . 
Ethylene does build up under these conditions and 
Shininger (1979) pointed out that auxins, cytokinins, 
gibberellins and sucrose may be involved in ethylene 
release. There is the possibility however, that these 
factors initiate tracheary element development and that 
ethylene is only involved in the process of lignification 
which follows later (Miller et at. 1985). 
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